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Abstract
To characterize the decrease in ductility caused by an induced stress concentration as a function of various levels
of cold work and heat treatment, Nitinol medical guide wires with a .004″ diameter were tested using both a
standard, straight tensile test and a modified, bent tensile test. The ratio of the two break loads (bent:straight) for
identically processed samples was used as a proxy for measuring the ductility of the guide wires: the higher the
ratio, the more ductile the sample. The average break load ratio as a function of increased cold work, decreased
from 1.27 to 0.91 for the heat treated samples, and decreased from 1.28 to 1.13 for the non-heat treated samples.
The heat treated wires had lower break load ratios - a difference of 0.105 on average - compared to the similarly
cold worked, non-heat treated wires. The magnitude of the decrease in break load ratio between heat treated and
non-heat treated wires is dependent on the level of cold work; there was a difference of 0.01 for the lowest level
of cold work, and a difference of 0.22 for the highest level of cold work. The decrease in break load - and ductility
by proxy - from increased cold work and heat exposure is caused by the suppression of the austenite-martensite
phase transformation as a result of these processes.
Keywords: Nitinol, Guide Wires, Superelastic, Swaging, Heat Treatment, Tensile Test, Stress Concentration,
Ductility, Materials Engineering
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1. Introduction
1.1 Problem Statement
To facilitate the manual kinking of superelastic Nitinol medical guide wire tips - required for optimal wire
maneuverability - Abbott Vascular cold works their guide wire tips via rotary swaging - suppressing the
superelastic behavior. The cold worked tips are then soldered inside of a supporting coil, during which they
undergo a brief, low temperature heat treatment. It is known that the cold working process decreases the ductility
of the guide wires, but the effect of heat treatment is also believed to decrease their ductility, even more so when
coupled with a high stress concentration due to manual tip shaping.
This project will characterize the effects of heat treatment and cold work on the ductility of Nitinol guide wire tips
with an induced stress concentration. The ductility of the wires will not be directly measured; instead, the tensile
break load of a sample will be compared to the break load of an identical sample tensile tested with an induced
stress concentration. The ratio of the two break loads (induced stress concentration to no induced stress
concentration) will serve as a proxy for comparing ductility; a ductile sample should resist crack propagation,
limiting the negative effect of the stress concentration on the break load, resulting in a ratio closer to 1. The break
load ratios of samples heat treated, not heat treated, and with varying levels cold work via rotary swaging will be
compared to determine if these processes have a significant effect on the ductility of Nitinol guide wire tips with
induced stress concentration sites.

1.2 Abbott Vascular
Abbott laboratories is a worldwide provider in healthcare with a main goal to not only help people live longer, but
to help them live better. They have accomplished this by allocating resources towards the research and
development of pharmaceuticals, medical devices, diagnostics, and nutritional products. The recent acquisition of
St. Jude Medical Foundation is one example of how Abbott is attempting to expose more people to high-quality
healthcare. Miles D. White, chairman and chief executive officer of Abbott Laboratories, noted in a press release,
“the addition of St. Jude Medical Foundation strengthens [the company’s] global medical device leadership while
offering innovative products to address more areas of care, in more physicians’ offices and hospitals around the
world” [1].
Abbott Vascular, who manufactured the guide wires for this project, is one of seven subdivisions of Abbott
Laboratories. Located in Temecula, California, they specialize in the production of cardiovascular devices for
both consumers and healthcare professionals. Similar to the parent company, Abbott Vascular’s goal is to improve
not only the patient’s longevity, but also their well-being. The recent acquisition of St. Jude Medical Foundation
is promising news for the cardiovascular division within Abbott. St. Jude Medical’s decision to position towards
the development of cardiovascular technologies in the areas of atrial fibrillation, heart failure and structural heart
components meshes well with Abbott Vascular’s advances in coronary interventions and mitral valve disease [1].
Current cardiovascular products include; guide wires, coronary stent and scaffolding platforms, minimally
invasive structural heart technologies, carotid stent and embolic protection systems, balloon dilation catheters, and
vessel closure technology.

1

1.3 Medical Guide Wire Background
Medical guide wires are wire-like devices that are used to noninvasively navigate blood vessels for diagnostic and
therapeutic procedures (Figure 1).

Figure 1. Medical guide wire and catheter [2].

Guide wires are essential in the Seldinger technique for intravascular catheter delivery. In this medical procedure,
a needle is used to access the desired blood vessel. Through the needle, a guide wire is inserted into the patient
and maneuvered within their vasculature to the desired treatment site. Once in position, the wire acts as a guide
for the insertion of a larger catheter device - allowing for easy delivery of stents, balloons, or other devices to the
treatment site (Figure 2) [3] [4].

Figure 2. Diagram of the Seldinger technique. a) A needle is used to puncture the artery and is directed into the artery. b) The guide wire is
inserted and maneuvered to the desired location. c) Once the wire is in position, the needle is removed and the artery is compressed. d) The
catheter is threaded onto the guide wire. e) The catheter is inserted to the treatment site in the artery. f) The guide wire is then removed,
leaving the catheter in place [4].

For this specialized procedure, many different types of guide wires are needed depending on the unique situation
of each patient and their associated procedure. The proper guide wire selection facilitates the ease of delivery,
limits the cost of the operation, and reduces the risk of vascular injury from the wire tip or from buckling of the
wire shaft [5].
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1.3.1 Guide Wire Components
Guide wires are generally made of three components: core wire with a tapered tip, a surrounding wire coil or
braid, and a final coating (Figure 3). The core material - which provides the main support of the wire - is usually
made of solid steel or nickel-titanium (Nitinol). The surrounding wire coil or braid improves the flexibility,
pushability, and kink resistance of the core wire [3].

Figure 3. Diagram of the Abbott Hi-Torque Command Guide Wire. The wire features a tapered Nitinol core tip, stainless steel core wire,
radiopaque coils, and hydrophilic coating [6].

1.3.2 Guide Wire Tip Taper
Most guide wire cores feature a tapered tip to improve flexibility, maneuverability, and tracking; the length of the
wire tip taper has a significant impact on the performance of the guide wire. Wires with a long taper, starting far
from the tip, track turns better and are less prone to prolapse when navigating tortuous vascular pathways (Figure
4) [5].

a)
b)
Figure 4. a) Guide wire prolapse that is common in wires with a short taper. b) Proper guide wire tracking - characteristic of long tip
tapered wires [7].

Although wires with a long tapered tip excel at tracking, shorter tapered tips trade consistent wire tracking for
improvements in rigidity, steerability, and torqueability [8].

1.3.3 Guide Wire Coatings
Guide wires generally feature a polymer coating - either hydrophilic or hydrophobic - to customize the feel and
movement of the wire during use. A wire with a hydrophilic coating will attract water, giving the wire a slippery
“gel-like” surface that improves the smoothness of the delivery. Hydrophobic coatings repel water, giving the
3

wire a “wax-like” surface that does not move as smoothly through the body, but increases the tactile feedback of
the wire - making it easier for the surgeon to feel what is going on inside the vasculature (Figure 5) [5].

Figure 5. Plot showing the trade off between lubricity and tactile feedback for different guide wire coatings [9].

1.3.4 Guide Wire Visibility
Guide wire visibility is an important feature that allows for easy viewing under fluoroscopy during operation.
Certain materials - like platinum and palladium - are more radiopaque and easier to see under x-ray which helps
the operator to confirm where the wire is and if it has reached the target area. The radiopacity of a material is a
function of its density - affecting the visibility in fluoroscopy (Figure 6) [5]. Of the many highly engineered guide
wire components, this project will be focusing specifically on Nitinol guide wire tips.

Figure 6. X-ray image of two identical diameter guide wires: stainless steel on the left, Nitinol on the right. Stainless steel has a density of
7.6 g/cm3 while Nitinol has a density of 6.5 g/cm3, so the stainless steel is more radiopaque and therefore more prominent under x-ray [5].

1.4 Medical Guide Wire Tip Background
Due to Nitinol’s unique combination of properties - shape memory or superelasticity, along with biocompatibility
- the demand for Nitinol in the medical industry has grown tremendously in the last ten years [10]. For guide
wires specifically, the superelastic behavior of Nitinol allows the wire to deform - absorbing a lot of strain energy
- and then release the strain - reverting to its original shape - when the stress is removed. For comparison, Nitinol
has approximately ten times the elasticity of steel. This extraordinary flexibility accompanied with torquability
and kink resistance makes Nitinol a great fit for use as medical guide wire tips [11].
The superelasticity of Nitinol facilitates its performance as a guide wire, but also makes it impossible to shape the
tip while it is in the superelastic state. To help maneuver the wire through specific paths and vessels, doctors need
the ability to customize the tip shape [3] (Figure 7). Because the guide wire tip will always spring back to its
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original shape once the stress is removed, Abbott Vascular has developed a specific manufacturing process to
produce a shapeable Nitinol guide wire tip.

a)

b)

Figure 7. Different guide wire tip shapes a) 90° curve. b) 45° curve [12]

1.4.1 Abbott Vascular Nitinol Guide Wire Tip Processing Procedure
Starting with .0135″ diameter Nitinol wires, Abbott Vascular cold works the wire tips using a rotary swaging
process. The added strain from the cold working suppresses the superelastic behavior of the wire - resulting in a
shapeable Nitinol wire. After cold working, the wires are ground to their final diameter. These now shapeable tips
are soldered inside of a supporting coil - exposing the cold worked tips to a brief, low temperature heat treatment.
This heat treatment process is believed to significantly lower the ductility of the guide wire tips when given a
stress concentration site - like that produced by introducing a sharp bend in the tip shape. Before examining the
effect of heat treatment on wire ductility, it is important to understand the mechanics behind the superelastic
behavior of Nitinol, and how the cold working and heat treatment processes affect this superelastic behavior.

1.5 Superelastic Behavior of Nitinol
The superelastic behavior of Nitinol is the result of its unique phase transformations. The phase transformations
can be temperature induced -as in shape memory behavior - or strain induced - as in superelastic behavior.

1.5.1 Transformation Temperatures
The superelastic behavior of Nitinol is the result of the diffusionless phase transformation between the austenite
phase - present at higher temperatures - and the martensite phase [10]. The phases present in Nitinol are
determined by different critical temperatures that define the temperatures at the start and end of phase
transformations [11]. Of these critical temperatures, the one that matters for superelastic guide wires is the
temperature at which martensite transforms fully to austenite (Af). Below the Af, Nitinol exhibits shape memory
behavior; above the Af, Nitinol behaves superelastically - the desired behavior for guide wires [10]. Nitinol has an
extremely narrow composition range below 630°C, which allows for significant manipulation of the transition
temperatures through slight variations in the composition (Figure 8).
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Figure 8. Phase diagram for Nitinol with the austenitic phase (TiNi) highlighted [14].

A 1% change in composition results in a 100°C change in the Af temperature (Figure 9). For guide wires and
other medical devices, the “workhorse” alloy composition is 50.8 at% nickel and 49.2 at% titanium (Ni 50.8Ti49.2)
[10].

Figure 9. Plot of Af (y-axis) and the nickel content (x-axis). For use in guide wires and many other medical applications, the standard
composition of Ni50.8Ti49.2 is shown on the plot [10].

At this “workhorse” composition, the Af is approximately 15°C meaning that at room temperature and inside the
body, the Nitinol will be in its austenitic phase - as opposed to the martensitic phase - and have the desired super
elastic behavior - as opposed to shape memory.

1.5.2 Superelastic Nitinol Phase Transformations
Superelastic behavior is the result of the reversible, stress induced austenite to martensite phase transformation
that occurs in Nitinol (Figure 10).
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Figure 10. Austenitic superelastic Nitinol under load transforms to reoriented martensite. When the load is removed, it transforms back to
austenite [14].

Under stress, austenitic Nitinol elastically deforms until reaching a plateau that is due to martensitic reorientation
(Figure 11) [15]. Martensitic reorientation - also known as twinning - allows the Nitinol to absorb induced stress
while minimizing the amount of strain experienced by the sample [14].

Figure 11. Room temperature stress-strain behavior of 50.8 at% Ni alloy with an Af of approximately 0°C [14].

At the critical strain where the stress plateau starts - about 1% strain for 50.8 at% Ni Nitinol - the austenite
transforms to twinned martensite. As the stress is held and the strain increases, the twinned martensite begins
detwinning - favoring the variants that best accommodate the applied load (Figure 12) [14].
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Figure 12. Stress-strain curve of a superelastic material (unknown composition) and the resulting martensitic twinning/detwinning under
stress. The twinned martensite is on the far left of the plot - at the start of the plateau. As the strain increases, the martensite detwins to
accommodate the applied stress [14].

When the twinned martensite is fully reoriented to accommodate the stress, any additional stress will begin to
elastically deform the reoriented martensitic Nitinol sample. When elastic deformation of martensite beings,
Nitinol no longer behaves 100% superelastically (Figure 13). For 50.8 at% Ni Nitinol, the maximum strain for
martensitic reorientation before elastic deformation is about 8% strain [14].

Figure 13. Superelastic alloy extended beyond the point at which it is able to fully recover [14].

Deformation past the superelastic plateau - and the resulting elastic deformation of reoriented martensite - means
that the phase transformation is no longer completely reversible - leaving a small amount of residual strain [14].

1.6 Cold Working
Cold working is strategically used to suppress the superelastic behavior of Nitinol through manipulation of the
transformation temperatures.

1.6.1 Effects of Cold Work on Superelastic Behavior
Through cold working the Nitinol guide wire tips, Abbott Vascular is able to suppress the superelastic behavior of
Nitinol and maintain its shape. Cold working Nitinol increases the dislocation and vacancy density of the samples,
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resulting in the formation of stabilized martensite. Stabilized martensite increases the energy needed for the
martensite to austenite phase transformation upon heating (Figure 14) [15].

Figure 14. DSC curves showing the effect of 20% and 40% cold rolling on the transformation temperatures of 50.2 at% nickel Nitinol. The
heating cycle is the lower curve showing the M → A transformation, and the cooling cycle is the higher curve showing the A → M
transformation. Note the 40% cold work sample does not experience a phase transformation in the given temperature range [15].

For the first heating cycle of the 20% cold work sample, the transition from martensite to austenite upon heating
occurred at about 50°C - higher than the typical 40°C transition temperature. This is due to the increased
dislocation and vacancy densities that hinder the movement of phase boundaries that needs to occur for the
transformation to austenite. However, the first heating cycle restored the elastic strain energy present in the
sample - restoring the typical martensite to austenite transition temperature for the second heating cycle. For the
40% cold worked sample, the dislocation and vacancy densities were so great that they completely prevented the
movement of the phase boundaries at elevated temperatures - also preventing the martensite to austenite phase
transformation upon heating to 150 °C [15].
The hindering of the martensite to austenite phase transformation in 40% cold worked Nitinol is so great that to
restore its original transformation temperatures, the sample needs to be fully recrystallized (Figure 15) [16].

Figure 15. DSC curves of shape memory Nitinol plate cold worked up to 40% and heated to 500°C. The first heating/cooling cycle is in
blue, and the second cycle in red [16].
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During the first heating cycle, the sample does not undergo the usual diffusionless phase transformation from
martensite to austenite due to the high level of cold work. However, at about 350°C the sample recrystallizes
forming a dislocation free austenitic structure. Upon cooling, the austenite transforms back to martensite at the
expected temperature of about 75°C [16]. Since the dislocations were restored through recrystallization, the cold
work was eliminated and the transition temperatures of Nitinol were restored for the second heating/cooling cycle.
Cold working Nitinol has been shown to increase the martensite to austenite transition temperature. For Nitinol
guide wires in general. the martensite to austenite transition temperature is well below room temperature to ensure
that the wire is in its austenitic phase and exhibits superelastic behavior while in use. However, through rotary
swaging - a form of cylindrical cold working - Abbott Vascular transforms the austenitic Nitinol structure to a
stabilized martensitic structure and increases the transition temperature of their guide wire tips, causing them to
lose their superelastic behavior, and allowing them to be manually kinked.

1.6.2 The Rotary Swaging Process
To reduce the superelasticity of the guide wire tips, Abbott Vascular cold works their wire tips using a rotary
swaging process. Rotary swaging is the process of reducing the cross-sectional area of cylindrical shaped objects
through repeated radial blows with two or more dies (Figure 16) [17].

Figure 16. Cross sectional schematic of a two die rotary swaging process [18]

The rotary swaging process is different than cold rolling in that it produces redundant work in the center of the
cylindrical sample. Using a 60° head rotation, a segment of wire requires three blows from opposing cylindrical
dies for complete reduction of the outside diameter. While each point on the outside diameter only experiences
one blow, the center experiences all three blows through the shear forces - shown as arrows in Figure 16 - due to
the offset forces of the blow [18]. The redundant work on the center of the cylinder results in a hardness gradient
through the diameter of the cylinder (Figure 17).
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Figure 17. Hardness of two cold worked samples (12% RA) - one rolled, the other rotary swaged [18].

The amount of redundant work on a sample is a function of the feed speed of the wire. A faster feed speed
through the dies means that there are less blows to each point along the cylindrical sample - resulting in a lower
amount of redundant cold work.
To limit the effect of the hardness gradient, Abbott Vascular performs the rotary swaging process on wires larger
than their desired final diameter. These wires are then ground to their final diameter, removing the less hard outer
edges and leaving the redundant cold worked center.

1.7 Heat Treatment
The brief, low temperature heat treatment process associated with the production of medical guide wire tips is a
consequence of the specific processing that Abbott Vascular performs when soldering the cold worked Nitinol
tips to the inside of a supporting coil.

1.7.1 Effect of Short Exposures to Heat on Nitinol Phases
Abbott Vascular has experienced that the ductility of their wire tips has decreased as a function of the short, low
temperature heat treatment. Although the effects of low temperature heat treatments on the ductility of stabilized
martensitic Nitinol have not been extensively researched, there is conclusive research on the effect of low
temperature annealing on the stress-strain behavior of stabilized martensitic Nitinol. Annealing stabilized
martensite below the recrystallization temperature results in lowering the slope of the martensite reorientation
plateau (Figure 18) [15].
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a)

b)

Figure 18. Effect of annealing temperature on a) 20% and b) 40% cold rolled stabilized martensite Ti-50.2 at% Ni alloy [15].

During the lower temperature annealing process, the stabilized martensite phase partially transforms back to
austenite. When tensile tested, the pseudo plateau present in the plots is a result of the newly formed austenite
phase reorienting itself into the strain induced martensitic phase; the stabilized martensite is still present in the
sample and is responsible for the slope of the curve as the stabilized, reoriented martensite elastically deforms. As
the annealing temperature increases, the ratio of austenite to stabilized martensite increases which results in the
decrease of the slope of the martensite reorientation plateau - until recrystallization of the whole sample where the
stabilized martensite completely transforms to austenite and the plateau is again flat [15].
When heat treating a 40% cold worked Nitinol sample the martensitic B19′ phase begins to transform to an
austenitic B2 phase (Figure 19) [19].

Figure 19. X-ray diffraction of Nitinol as a function of temperature: 0°C to 400°C. As the temperature increases the martensitic B19′ phase
transforms into the austenitic B2 phase [19].

The phase transformation from martensite to austenite begins at 190°C, well below the recrystallization
temperature. If heat treated above 190°C but below the recrystallization temperature - which is a function of cold
work - the sample will transform from strain induced martensite to dislocation laden austenite [19].

1.7.2 Effect of Short Exposures to Heat on Ductility of Nitinol
The unique dislocation laden austenite phase is believed to result in a decrease in ductility compared to
superelastic austenite through the suppression of the martensitic transformation. Austenite tensile tested at 120°C
12

- at which the transformation to martensite is not thermodynamically favorable - has about half the strain at break
compared to superelastic austenite (Figure 20) [20].

Figure 20. Uniaxial stress-strain curves for stable austenite (120°C), martensite (-65°C), martensite (-196°C), and martensite (37°C) [20].

The ductility of Nitinol is dependent on its ability to absorb strain through martensitic twinning and reorientation.
When the martensitic transformation is suppressed - whether through high dislocation density or high temperature
testing - the fracture strain is significantly decreased.

2. Experimental Procedure
2.1 Safety
General lab safety procedures – including wearing long pants, closed toed shoes, and safety glasses while in lab –
were followed for all lab sessions. Additional safety procedures were followed during the salt furnace heat
treatment process. This included the use of a face shield and thermal resistant gloves when performing the heat
treatment processing. For all use of equipment, the standard SOPs were followed to ensure safe operation.

2.2 Nitinol Wire Test Samples
To characterize the effect of cold work and heat treatment on the ductility of Nitinol guide wire tips with an
induced stress concentration, 0.004″ diameter wires were processed with varying levels of cold work and heat
treatment conditions (Figure 21).
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Figure 21. Design of experiment showing the different factors and processing conditions. Each unique processing condition represents five
samples. The bent and straight tensile tests are not processing conditions, rather the test method that will be used for that set of five
samples.

The four levels of cold work were performed using the rotary swaging process at Abbott Vascular and then
ground to the final 0.004″ diameter. The percent reduction of area (%RA) is controlled by the die shape of the
swaging process; higher reduction of area results in higher cold work. The number of head revolutions (HR) is
another variable of the rotary swaging process, related to the feed speed of the wire. A wire swaged at a higher
head revolution is fed slower through the die, resulting in more die strikes, and therefore more redundant cold
work.
Half of the wires were then heat treated for 60s at 350°C to simulate the brief heat exposure during the support
coil soldering process.

2.3 Heat Treatment Process
To ensure even, constant heating, the 60s, 350°C heat treatment was performed using a salt pot filled with sodium
nitrate low temperature salt. The wires were placed in 2 mm diameter tubes during heat treatment - essentially
acting as small air furnace - to prevent curling of the wires during the heat treatment. The time for the wire to
reach 95% of the heat treatment temperature was calculated to be about 30s, making the effective heat treatment
about 30s at 350°C, which is representative of the soldering temperature and time.

2.4 Bent and Straight Tensile Test Setup
All tensile tests were performed using a Mini 55 Instron mechanical testing system and screw side action grips
with a 50 N load cell. The grip faces were covered in adhesive 240 grit emery paper to prevent the wire samples
from slipping under load.
To characterize the effect of a stress concentration on Nitinol medical guide wires, half of the wires were tested
using a standard straight tensile test (Figure 22).
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Wire Sample

Figure 22. Image of the straight tensile test setup.

For comparison with the straight tensile tests, a bent tensile test was developed to simulate a worst-case scenario
stress concentration. The bent tensile test was performed using a 0.004″ feeler gage, around which the Nitinol
wire was bent and tensile tested. In order to hold the feeler gage for testing, two custom metal brackets were
designed and machined (Figure 23).
Feeler Gage
Bracket Fixture

a)

b)

Figure 23. a) Drawing of one of the bracket fixtures used for holding the feeler gage in the bent tensile test setup. b) Drawing of the two
bracket fixtures with the feeler gage sandwiched in between, as used in testing.

The gaps in the brackets allow for the wire to be freely bent around the feeler gage and tensile tested, as shown in
our setup (Figure 24).
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Bracket
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Feeler Gage

Bracket Fixture
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Wire
Sample

Feeler Gage

b)

a)

Figure 24. a) Front view schematic of the bent test setup. The wire is passed through the cutouts in the fixtures and bent around the feeler
gage. b) Image of the bent tensile test setup. The bracket fixtures that hold the feeler gage between them are held in place by the Intron
grips. The wire is bent around the feeler gage and both ends are secured in the bottom grip.

Although there are not any current ASTM standards matching the test configuration in the current study, this test
method can be compared to a notched tensile test. The notched tensile strength measures the ability of a material
to locally deform without cracking. In other words, the material’s ability to redistribute stresses around a high
stress concentration as outlined in ASTM E292-09. Thus, similar to the notched tensile test, the bent tensile test
measures the material’s ability to locally deform without cracking. Furthermore, one would expect ductile
materials to resist the induced stress concentration by plastically deforming around the feeler gage.

2.5 Bent to Straight Break Load Ratio
Due to the nature of the induced stress concentration, bent tensile test, the ductility of the wires will be drastically
reduced compared to the straight tensile tests, making it difficult to compare the data. Because of this, the
maximum break load of the wires was measured and used to calculate the bent to straight (bent:straight) break
load ratio that would serve as a proxy for ductility.
A ductile sample should resist crack propagation around the stress concentration limiting the decrease in
maximum load for the bent test; this would result in a maximum break load ratio of about 1. However, a more
brittle sample will be sensitive to the stress concentration, breaking under significantly less load; this would result
in a maximum break load ratio less than 1. The resulting break load ratios for different processing conditions will
then be compared to see the effect of heat treatment and cold work on the decrease of ductility with the addition
of a localized stress concentration.

3. Results
The resulting stress-strain curves from testing show the maximum load values as well as the percent elongation of
the samples. This project focuses exclusively on the maximum load values, thus the elongation of the wires will
not be discussed. With that said, the percent elongation was adjusted to remove any strain with no load that
occurred at the start of the test before the wire sample was taught. For the bent tensile tests, there was also a
unique “ramping” of stress as the wire was pulled taught around the feeler gage. To remove this, the slope of the
elastic region was calculated and used to back calculate the “true” origin of the stress strain curve. Because the
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maximum break load values are the sole interest of this project, these changes to the elongation have no effect on
our results or analysis; the changes are purely cosmetic to better represent the true spread of a data.
The plots are presented in order from lowest to highest cold work for the non heat treated samples followed by the
heat treated samples. Because, the maximum break loads of the bent and straight samples will be combined into a
ratio, the bent and straight stress-strain curves are presented side by side for visual comparison of the break load
ratios. The curves will also be accompanied by the tabulated break load values for each sample.
The tensile plots from the 11%RA and 2HR non heat treated samples (11-2 NHT) show maximum break loads of
about 16 N for the bent test and 12.5 N for the straight test. There is a small loading plateau at about 7 N in the
straight tensile test samples, but none present for the bent test sample (Figure 25) (Table I).
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Figure 25. Stress strain curve for the 11-2 non heat treated a) bent and b) straight tensile tests.

Table I – Break Load Ratios for the 11-2 Non Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

15.68

12.39

Sample 2

16.43

12.87

Sample 3

16.01

12.11

Sample 4

16.35

12.58

Sample 5

15.62

12.53

Sample 6

-

11.91

Sample 7

-

12.75

Average

16.02

12.45

Average Max Load Ratio

1.29

The tensile plots for the 11%RA and 6HR non heat treated samples (11-6 NHT) show maximum break loads of
about 16.5 N for the bent test, and about 13N for the straight test. Similar to the 11-2 samples, there is a small
loading plateau for the straight samples at about 8 N, but not present in the bent tensile tested samples (Figure 26)
(Table II).
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Figure 26. Stress strain curve for the 11-6 non heat treated a) bent and b) straight tensile tests.

Table II – Break Load Ratios for the 11-6 Non Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

16.69

13.78

Sample 2

16.23

13.06

Sample 3

16.34

12.82

Sample 4

16.69

13.08

Sample 5

16.56

13.41

Average

16.50

13.23

Average Max Load Ratio

1.25

The curves for the 17%RA and 2 HR non heat treated samples (17-2 NHT) show a maximum break load of about
17 N for the bent tensile test, and about 14 N for the straight tensile test. There is also a slight loading plateau at
about 12 N for the samples straight tested, but none for the sample bent tested (Figure 27) (Table III).
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Figure 27. Stress strain curve for the 17-2 non heat treated a) bent and b) straight tensile tests.
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Table III – Break Load Ratios for the 17-2 Non Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

17.13

14.3

Sample 2

16.03

13.89

Sample 3

17

13.69

Sample 4

16.88

13.8

Sample 5

16.7

14.38

Average

16.75

14.01

Average Max Load Ratio

1.20

17-6 NHT Bent

20
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10
8
6
4
2
0

Load (N)

Load (N)

The final non heat treated samples, 17%RA 6 HR (17-6 NHT), showed a maximum load of about 17 N for the
bent test, and about 15 N for the straight test. Unlike the other samples, there is no loading plateau for the straight
tensile tests, and still none for the bent tests (Figure 28) (Table IV).
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Figure 28. Stress strain curve for the 17-6 non heat treated a) bent and b) straight tensile tests.

Table IV – Break Load Ratios for the 17-6 Non Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

18.01

15.1

Sample 2

16.93

14.82

Sample 3

16.75

15.53

Sample 4

16.73

15.28

Sample 5

16.98

14.83

Average

17.08

15.11

Average Max Load Ratio

1.13

The following curves are for similar cold worked conditions, but heat treated as opposed to non heat treated. The
first samples, the 11-2 heat treated (11-2 HT), showed a maximum load of about 15.5 N for the bent tensile test,
and 12 N for the straight tensile test. There was also a loading plateau for both the bent and the straight samples –
at 8 N and 4 N respectively – as opposed to just the straight sample as seen before (Figure 29) (Table V).
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Figure 29. Stress strain curve for the 11-2 heat treated a) bent and b) straight tensile tests.

Table V – Break Load Ratios for the 11-2 Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

15.20

11.66

Sample 2

16.22

12.17

Sample 3

15.61

12.81

Sample 4

14.62

11.84

Sample 5

15.45

12.11

Average

15.42

12.12

Average Max Load Ratio

1.27

The tensile results for the 11%RA 6HR heat treated samples (11-6 HT) are similar to the 11-2 HT samples. There
was a bent maximum load of about 15.5 for the bent tested samples, and about 13 N for the straight tested
samples. Again the plateau is present for both the bent and straight test samples – again at 8 N and 4 N (Figure
30) (Table VI).
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Figure 30. Stress strain curve for the 11-6 heat treated a) bent and b) straight tensile tests.
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Table VI – Break Load Ratios for the 11-6 Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

15.09

12.68

Sample 2

14.99

13.17

Sample 3

15.62

12.91

Sample 4

15.21

12.97

Sample 5

15.75

12.89

Average

15.33

12.92

Average Max Load Ratio

1.19
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0

Load (N)

Load (N)

The tensile results for the 17%RA and 2HR heat treated samples show about a 14.5 N maximum load for the bent
sample and 13.5 N for the straight sample. The loading plateau is still present but appears to be significantly
shorter compared to the previous samples. The plateau also occurs at slightly higher values of 10 N for the bent
test, and 5 N for the straight test (Figure 31) (Table VII).
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Figure 31. Stress strain curve for the 17-2 heat treated a) bent and b) straight tensile tests.

Table VII – Break Load Ratios for the 17-2 Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

13.88

13.67

Sample 2

14.49

13.39

Sample 3

14.85

13.73

Sample 4

15.66

13.22

Sample 5

13.43

13.58

Average

14.46

13.52

Average Max Load Ratio

1.07

Finally, the 17%RA and 6HR heat treated samples showed a break load of about 15 N for the bent test, and 17 N
for the straight test. The loading plateau is gone in both of the bent and straight tested samples, something that is
unique to this specific processing condition (Figure 32) (Table VIII).
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Figure 32. Stress strain curve for the 17-6 heat treated a) bent and b) straight tensile tests.

Table VIII – Break Load Ratios for the 17-6 Heat Treated Samples
Sample Number

Bent Max Load (N)

Straight Max Load (N)

Sample 1

15.2

17.17

Sample 2

15.55

16.92

Sample 3

15.73

16.46

Sample 4

14.59

Average

15.23

Average Max Load Ratio

0.91

16.85

All of the average break load ratios can be summarized in a single table in order to better see the trends as a
function of the different processing conditions. For both the heat treated and non heat treated samples, the break
load ratio decreased as a function of increased cold work. The heat treated samples also had lower break load
ratios compared to the non heat treated samples with the same level of cold work (Table IX).
Table IX – Average Bent to Straight Break Load Ratios of Heat Treated vs. Non Heat Treated Samples
with Increasing Cold Work

Cold Work Condition

HT

NHT

11%RA/2HR

1.27

1.29

11%RA/6HR

1.19

1.25

17%RA/2HR

1.07

1.20

17%RA/6HR

0.91

1.13

While the most ductile break load ratios were expected to be about one, it is important to note the bent to straight
ratios tend to be greater than one due to possible frictional forces acting against the direction of the tensile force
(Figure 33).
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Figure 33. Diagram of the frictional forces believed to be acting between the feeler gage (blue) and the wire test specimen (orange).

The frictional forces act along the walls of the fixture which the wire bends around and reduce necking in the
wire around the bend radius. The magnitude of this frictional effect is unknown; however, the trend of break load
ratios is what is important in the current study, not the magnitude. Furthermore, the aforementioned phenomenon
may contradict conventional thinking (i.e. an induced stress concentration should decrease break load); however,
due to high aspect ratios and low break loads of the wires, the frictional force has a noticeable effect.

4. Analysis
4.1 Statistical Analysis
To determine whether the differences in break load ratio were statistically significant, an analysis of variance was
performed. To calculate the individual maximum load ratio values within a group – as opposed to just the
averages previously shown – an average straight value was calculated for each group and used as the denominator
for the bent to straight ratio for that specific groups’ bent maximum load values. This method was chosen because
pairing “bent sample 1” with “straight sample 1” was arbitrary and would introduce false variance. In other
words, there was no logical pairing in bent to straight values; pairing “bent sample 1” with “straight sample 1”
was equally valid as pairing “bent sample 1” with “straight sample 5” within a group. It is also important to note
that the straight maximum load variance for all but one group was less than the bent maximum load variance;
therefore, using the straight average for calculations minimizes the loss of variance.
Using a general linear model analysis of variance (ANOVA), the statistical significance of the difference
processing factors – heat treatment and different levels of cold work – as well as the interaction of these two
factors was tested. With an alpha level of 0.05, there was a statistically significant difference in the maximum
break loads as a function of heat treatment and cold work, independent of the other factor. There was also
significant interaction between the two factors (Table X).
Table X – General Linear Model ANOVA Results
Source
Cold Work
Heat Treatment
Cold Work * Heat Treatment

DF

Adj. SS

Adj. MS

F-Value

P-Value

3
1
3

0.36038
0.10938
0.05797

0.120128
0.109375
0.019325

84.04
76.52
13.52

0.000
0.000
0.000
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The trends and meaning of these statistical conclusions is better shown in the interaction plot of the break load
ratios (Figure 34).

Average Break Load Ratio

Interaction Plot for Break Load Ratios
1.3
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11-2
11-6

1.1

17-2
1

17-6

0.9

NHT

HT

Figure 34. Interaction plot for the break load ratios from the ANOVA that shows the average break load ratio (y-axis) as a function of heat
treatment condition (x-axis), and different levels of cold work (different colored lines).

As shown, the break load ratio decreases as a function of increased cold work independent of whether the samples
were heat treated or not heat treated. The break load ratio also decreases with heat treatment compared to the non
heat treated samples independent of the level of cold work. For all four cold work conditions, there is a decrease
in break load ratio from non heat treated to heat treated condition.
The interaction between cold work and heat treatment can be thought of two different ways. One being that the
decrease in break load ratio as a function of heat treatment is dependent on the level of cold work. For example,
the 11-2 sample experienced a slight decrease in break load ratio between heat treatment conditions whereas the
17-6 sample experienced a much greater decrease in break load ratio between non heat treated and heat treated
conditions. Another way to look at this interaction is that the decrease in break load ratio as a function of cold
work is dependent on whether the sample was heat treated or not. For example, the samples that were not heat
treated experienced a small decrease in break load ratio as the level of cold work increased; however, the samples
that were heat treated experienced a more significant decrease in break load ratio as a function of increased cold
work.

4.2 Metallurgical Analysis
The bent to straight break load ratio decreases as a function of increased cold work independent of the heat
treatment condition. This is due to the increased dislocation density present in the wire samples which inhibit the
material from plastically deforming around a stress concentration - effectively making the material less ductile.
The bent to straight break load ratios for samples with equivalent amounts of cold work decreases with a brief
heat exposure. The interaction plot shows a decrease in break load ratio for each cold work condition, as shown
by the negative slopes on the interaction plot (Figure 33). This is due to the transformation of dislocation
stabilized martensite to a less ductile, dislocation stabilized austenite. The austenitic phase is considered stabilized
and not superelastic due to the dislocations present upon cold work which prevent the transformation to
martensite upon loading. Furthermore, the dislocations only remain because the accompanying 350°C heat
treatment is less than the recrystallization temperature of the material. As shown by Figure 18, which contains a
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cold worked sample with a 40% reduction in area, 350°C is below the point of recrystallization. The samples
tested in the current study contain an 11% and 17% reduction in area, significantly less than the 40% previously
mentioned. Attributing to the fact that the recrystallization temperature of a metal decreases with increased cold
work, the recrystallization temperature of the current samples should be greater than what is depicted in Figure
18.
There is a greater decrease in break load ratio as a function of cold work for the heat treated versus non heat
treated samples. In the heat treated samples with higher cold work, the increased dislocation density further
suppresses the stabilized austenite from transforming to austenite upon loading. For example, in the 11-2 groups,
there is only a slight decrease in break load ratio for the heat treated versus non heat treated samples. In the 17-6
groups, there is a much larger decrease in break load ratio when accompanied by a brief heat exposure.

5. Conclusions
1. There is a significant decrease in break load ratio as a function of increased cold work due to the higher
dislocation densities.
2. There is also a significant decrease in break load ratio for the heat treated samples compared to the non
heat treated samples due to the decreased ductility of the heat treated, dislocation laden austenite phase.
3. The interaction between heat treatment and cold work conditions is significant because the break load
ratio of the less ductile stabilized austenite phase is more sensitive to increased cold work.
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